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Abstract: We study the impact on electroweak baryogenesis from a swifter cosmological
expansion induced by dark matter. We detail the experimental bounds that one can place
on models that realize it, and we investigate the modifications of these bounds that result
from a non-standard cosmological history. The modifications can be sizeable if the expan-
sion rate of the Universe increases by several orders of magnitude. We illustrate the impact
through the example of scalar field dark matter, which can alter the cosmological history
enough to enable a strong-enough first-order phase transition in the Standard Model when
it is supplemented by a dimension six operator directly modifying the Higgs boson poten-
tial. We show that due to the modified cosmological history, electroweak baryogenesis can
be realized, while keeping deviations of the triple Higgs coupling below HL-LHC sensitivies.
The required scale of new physics to effectuate a strong-enough first order phase transition
can change by as much as twenty percent as the expansion rate increases by six orders of
magnitude.
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1 Introduction
The discovery of the Higgs boson with mass mh ' 125 GeV at the Large Hadron Collider
(LHC) [1, 2] confirmed that electroweak symmetry is broken due to the vacuum expectation
value (vev) of a scalar field. However, the symmetry was restored in the early Universe
due to high temperature modifications of the Higgs boson properties. The dynamics of
a phase transition from a symmetric phase in the hot early Universe to the present-day
broken phase at low temperature is described by finite-temperature field theory. While
the high-temperature Higgs dynamics is not directly measurable at a collider, it is tightly
related to the currently probed zero-temperature potential.
In this paper, we wish to study a baryogenesis scenario [3–6] in which the observed
baryon asymmetry of the Universe is created during the electroweak phase transition
(EWPT). This requires baryon number violation, both C and CP violation and the depar-
ture from thermal equilibrium [7]. The last condition can be fulfilled if the phase transition
is first order. However, in the Standard Model (SM) it is second order for a Higgs mass of
125 GeV, and the field transitions smoothly into its new non-symmetric minimum which
develops as the temperature drops. Thus, models of electroweak baryogenesis require new
physics near the electroweak scale in order to generate a barrier between the symmetric
phase and the broken phase [8, 9]. Such models gained renewed attention recently, as
the experimental accuracy with which we know the Higgs properties increases and models
predicting modification to its potential can be probed [10, 11].
In this paper, we will discuss a generic model of new physics studied previously in
[12, 13]. The Higgs potential is modified by a non-renormalizable dimension six operator,
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which is suppressed by a cutoff scale Λ. In the references above it was shown that this
model can facilitate a first-order PT, depending on the value of Λ and the Higgs boson
mass. Now that the Higgs mass has been determined, the only remaining free parameter
is the cutoff scale Λ. Also in the references above, the usual assumption that the EWPT
proceeds in a radiation-dominated Universe was applied. In this work our main focus will
be to determine the consequences of relaxing this assumption. We emphasize that we will
not discuss the production of baryons during the EWPT, but rather the necessary condition
for the baryon asymmetry to avoid being “washed out” after the phase transition. That
is, our analysis concerns the decoupling of fermion number violating processes, due to a
modified expansion history.
In the standard cosmological model, the Universe is radiation-dominated from the end
of reheating to the time of matter-radiation equality around 400, 000 yrs after the Big Bang.
During this time, a plethora of phase transitions occurred, among them the EWPT at a
scale around T ∼ 100 GeV. While the good agreement between Big Bang nucleosynthesis
(BBN) models and measurements of the primordial elemental abundances imply that the
Universe was radiation-dominated during and after BBN (i.e., after a time corresponding
to T ' 1 MeV), the expansion history before BBN is still very poorly constrained. This
is equivalent to the statement that the energy density in the early Universe could have
been distributed among components in such a way that some of them may have sufficiently
decayed or transformed into radiation, and so their presence may not show up through
measurements of the energy density at later epochs. Since extensions of the SM predict
new particles and energy constituents, the question of how those will impact the early
Universe arises naturally.
The difficulty for electroweak baryogenesis (EWBG) that we will discuss arises when
the Universe returns to thermal equilibrium after the phase transition. Then, the same
sphaleron processes that could have created the baryon asymmetry during the transition
can wash it away, if their damping in the broken phase is not sufficient. One way to avoid
this problem is to generate a large potential barrier, such that these processes are damped
enough after the transition. However, cosmological freeze-out due to a fast expansion of
the Universe works in the same direction, see [14, 15]. In order to obtain a higher expansion
rate of the Universe than in the standard case, we require that the dominant energy density
during EWBG decreases faster than radiation which has to dominate the Universe later
during BBN. From the point of view of baryogenesis we can remain agnostic to what
cosmological model modifies the evolution of the Universe during this early epoch. Indeed,
our results are applicable to a large class of cosmological models and do not depend on
the detailed implementation of such models. However, it is still an important question
what agent could give rise to such a modification. It turns out that there exist models in
which that agent is actually the cosmological dark matter (DM). Hence, in these scenarios
it would be the DM itself which facilitates EWBG, lending further motivation to such DM
models. Specifically, we will discuss one of those models, namely scalar field dark matter
(SFDM), in which the entire dark matter abundance is described as a complex scalar field,
see [16]. The underlying particles are ultra-light bosons, which condensed into their ground
state soon after their birth. As a result, DM can thereafter be described as a classical field
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with a conserved U(1)-charge, which is effectively the conserved DM abundance, which is
chosen to match the present-day value.
Thus, our approach is to combine a simple and straightforward theory of first-order
electroweak symmetry breaking phase transition (|H|6 theory) with a simple and straight-
foward modification of the cosmological history (with the specific example of SFDM theory
which also explains the dark matter abundance) to suppress sphaleron rates, thereby en-
abling the possibility of electroweak baryogenesis. The outline of this paper is as follows.
We begin by describing the φ6 model, relevant experimental bounds, and the dark mat-
ter in Section 2. In Section 3, we compute the temperature at which the EWPT takes
place, and contrast that to the critical temperature often used in the literature. This also
allows us to properly include corrections to this temperature, coming from a modification
of the expansion history. We show that this correction is very small and can be safely ne-
glected, as expected. In Section 4, we describe the modification of Standard Model SU(2)
sphalerons responsible for generating the baryon asymmetry during the phase transition,
and its “wash-out” after the phase transition has completed. Here is where the main
modification from the increased expansion rate of the Universes comes in by making the
sphalerons decouple faster, after the phase transition has completed. This results in an
increased amount of remaining baryons, which, in turn, increases the minimal energy scale
Λ of new physics required for baryon asymmetry preservation. We find that this change
can be significant, moving Λ by twenty percent as the Hubble parameter increases by six
orders of magnitudes compared to the one in the standard case. While the modification
does not seem huge, it actually means circumventing the sphaleron bound altogether, since
it brings us very close to the cutoff values required for a first-order phase transition to be-
gin with. On the particle experimental side, it means that, with the assistance of SFDM,
say, our model can predict a modification of the Higgs self-coupling which is only slightly
bigger than 1σ away from the corresponding SM central value. This result will not even
be challenged by the tighter bounds provided by the high luminosity stage of the LHC
(HL-LHC).
2 The Particle Model
In order to effectuate a first-order phase transition of electroweak symmetry breaking
(EWSB), we need a particle model that goes beyond the SM. There are numerous ideas in
the literature that accomplish this. Perhaps the simplest idea is to not introduce new prop-
agating degrees of freedom, but to merely add a single higher-dimensional operator |H|6
which can create a potential barrier between two local minima at the critical temperature,
thereby achieving the first-order phase transition as the temperature drops. This will be
the approach we pursue in this paper, and in the next subsection we review the details of
this model and also the finite temperature field theory formalism needed to investigate the
phase transition.
Achieving a first-order phase transition is not enough; it must be strong enough. One
can either scrap the simple EWSB |H|6 and pursue richer variants, or one can consider if the
Universe has a non-standard cosmological evolution that redefines what is the acceptable
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strength of the first-order phase transition for sphalerons to not wash out any baryon
asymmetry that might have been created during the transition. It is this approach that
we take. We can be agnostic as to what kinds of dynamics enable a different cosmological
evolution during the early time of the EWPT and parametrize simply what is needed.
We will express that attitude at times and show results that are generally applicable to
one’s favorite theory. However, to be concrete, we will present results within the specific
framework of SFDM, which provides an excellent and motivated illustration of how the
dark matter background can affect the viability of the first-order phase transition. To
that end, we provide in this section some additional descriptions of the SFDM model and
comments on how it affects the cosmological evolution. We also mention in passing other
models with a similar effect in the early Universe.
2.1 The φ6 EWSB Theory
Here we describe the particle physics dynamics of having an additional |H|6 term in the
EWSB Higgs potential. The new non-renormalizable coupling is suppressed by a certain
mass scale Λ. Above that scale, new degrees of freedom become fully dynamical, and the
underlying particle model cannot be described in the language of our effective theory. Re-
stricting ourselves to processes around the electroweak scale, we will consider the following
potential
V (H) = −m2|H|2 + λ|H|4 + 1
Λ2
|H|6, (2.1)
withHT = (χ1 + iχ2, ϕ+ iχ3) /
√
2. We assume only the real part of the neutral component
has a vev: ϕ = φ+v. The physical Higgs boson is φ, which leads to the following tree level
potential
V (φ)tree = −m
2
2
φ2 +
λ
4
φ4 +
1
8
φ6
Λ2
. (2.2)
The field-dependent masses take the form
m2h(φ) = −m2 + 3λφ2 +
15
4
φ4
Λ2
,
m2χi(φ) = −m2 + λφ2 +
3
4
φ4
Λ2
,
m2W (φ) =
g2
4
φ2, m2Z(φ) =
g2 + g′2
4
φ2, m2t (φ) =
y2t
2
φ2,
(2.3)
where g, g′ and yt are the gauge boson and Yukawa couplings, respectively.
Following the prescription from [13], where a very similar potential was considered, we
include thermal and loop corrections as follows,
Veff (φ, T ) = −m
2
2
φ2 +
λ
4
φ4 +
1
8
φ6
Λ2
+
∑
i=h,χ,W,Z,t
ni
m4i (φ)
64pi2
[
log
m2i (φ)
µ2
− Ci
]
+
∑
i=h,χ,W,Z
niT
4
2pi2
Jb
(
m2i (φ)
T 2
)
+
∑
i=t
niT
4
2pi2
Jf
(
m2i (φ)
T 2
)
+
∑
i=h,χ,W,Z,γ
n¯iT
12pi
[
m3i (φ)−
(
m2i (φ) + Πi(T )
)3/2]
.
(2.4)
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The coefficients read n{h,χ,W,Z,t} = {1, 3, 6, 3,−12}, n¯{h,χ,W,Z,t} = {1, 3, 2, 1, 1}, Ci = 3/2
for i = h, χ, t and Ci = 5/6 for i = W,Z, the functions J are given by
Jb/f
(
m2i (φ)
T 2
)
=
∫ ∞
0
dk k2 log
[
1∓ exp
(
−
√
k2 +m2i (φ)
T 2
)]
. (2.5)
The mass corrections Πi in (2.4) result from the ring-improvement of the finite temperature
potential, which is a resummation of the so-called daisy diagrams that become enhanced
at high temperature in the limit of zero boson mass. In our model, these mass shifts read
[13, 17]
Πh,χi(T ) =
T 2
4v20
(
m2h + 2m
2
W +m
2
Z + 2m
2
t
)− 3
4
T 2
v20
Λ2
ΠW (T ) =
22
3
m2W
v20
T 2
(2.6)
and the shifted masses of Z and γ (m2Z/γ + ΠZ/γ(T )) are eigenvalues of the following mass
matrix, including thermal corrections(
1
4g
2φ2 + 116 g
2T 2 −14g′2g2φ2
−14g′2g2φ2 14g′2φ2 + 116 g′2T 2
)
. (2.7)
The values of the parameters λ and m are calculated from the conditions that
V ′eff (φ, T = 0)|φ=v0 = 0, V ′′eff (φ, T = 0)|φ=v0 = mh, (2.8)
i.e., requiring the observed masses of the Higgs boson mh = 125.09 GeV, as well as those
for the gauge bosons via the Higgs ground state of v0 := 〈φ(T = 0)〉 = 246.2 GeV. The
resulting values of the parameters m and λ, as well as examples of potentials, are shown
in Figure 1.
Using higher order corrections to the Higgs mass would result in a mass parameter
higher by a few percent and λ smaller by a few percent [18]. This results in a slightly bigger
barrier and stronger phase transition; however, it is negligible compared to the modification
coming from the non-renormalizable correction. It is also known that the two-loop thermal
potential predicts a bigger thermal barrier between the vacua and therefore results in a
stronger phase transition [8, 19]. However, our aim is to illustrate the effects of modified
cosmology and a stronger phase transition would only serve to strengthen our conclusions.
We will limit our considerations to cutoff scales smaller than Λ ≈ 1100 GeV. Above that
scale, the phase transition is as weak as in the Standard Model (SM) with mh ≈ 80 GeV,
where the barrier between vacua is actually negligible and lattice simulations show results
similar to a second-order phase transition [20]. In that case, even if the sphalerons can be
decoupled during the phase transition, no asymmetry will be created to begin with, so the
model would already be ruled out.
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Figure 1. The left panel shows examples of potentials at their critical temperatures for several
values of Λ. The right panel depicts the values of m and λ as functions of Λ (all values except for
the dimensionless λ are expressed in GeV).
2.2 The Triple Higgs Coupling
While all UV complete models realizing EWBG predict various modifications to Higgs
properties, our effective theory differs from the SM only in terms of the Higgs potential.
All other modifications of Higgs properties in the language of an effective theory are simply
unrelated, until one chooses a specific UV completion. Consequently, we will not discuss
them.
In this approach, the only directly affected measurable Higgs property is the triple-
Higgs coupling related to the third derivative of the zero-temperature potential (2.4),
λ3 =
1
6
d3Veff (φ, T = 0)
dφ3
∣∣∣∣
φ=v0
. (2.9)
This coupling can be measured in double Higgs production events; however, the cross-
section for producing a single Higgs boson is roughly three orders of magnitudes larger.
This is why high-luminosity experiments are required for a reliable measurement. LHC in
its high-luminosity phase (HL-LHC) will be able to determine the value of λ3 with roughly
40% accuracy [21–24].
Figure 2 shows the value of λ3 in our model as a function of the cutoff scale Λ, along
with the SM value and the HL-LHC experimental sensitivity at 1, 2 and 3σ, respectively.
The smaller the cutoff scale (i.e., the larger the deviation from the SM), the larger the
coupling λ3. This allows us to explicitly calculate the reach of HL-LHC through λ3 mea-
surements, in terms of the cutoff scale of new physics. The resulting scales are Λ ≈ 1102, 783
and 641 GeV, corresponding to 1, 2 and 3σ deviations in the measurement, respectively.
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Figure 2. Values of the triple Higgs coupling λ3 as a function of the cutoff scale (dark blue
line), along with the SM value (light blue) and HL-LHC experimental sensitivity at 1, 2 and 3σ
(dashed lines). The thin vertical lines point to cutoff values corresponding to these bounds which
are Λ ≈ 1102, 783 and 641 GeV, respectively.
2.3 Dark Matter as a Stiff Fluid
As discussed in the Introduction, the new energy component must decay faster than radia-
tion in order to make a cure to the problem of EWBG. Equivalently, the equation-of-state
(EOS) of that component must be stiffer than that of radiation, i.e., p = wρ with w > 1/3.
The gain is maximal for a “stiff EOS” with w = 1 (still consistent with causality). The
nature of this component could arise from diverse origins. Previously, the agent in [14, 15]
has been thought to be a (real) relic scalar field, either different from the inflaton, or the
inflaton itself which transitions into the required stiff phase. Indeed, such a phase can
easily arise, if the kinetic mode of a scalar field dominates its evolution (termed “kination”
in [14]).
Our specific example affecting EWSB of the |H|6 potential is scalar field dark matter
(SFDM), in which the entire cosmological DM is described as a complex scalar field. Its
cosmological evolution has been studied first analytically in [25], but more accurately in
[16]. The adopted Lagrangian is of a very generic form,
L = ~
2
2ms
gµν∂µψ
∗∂νψ − 1
2
msc
2|ψ|2 − λs
2
|ψ|4. (2.10)
ms is the DM boson mass and the energy-independent boson coupling strength is chosen
to be repulsive or zero, λs ≥ 0. The SFDM model parameters, ms and λs, need to be tiny
for reasons of DM structure formation, see e.g. [26, 27]. Indeed, one major motivation
to study SFDM is its potential to resolve certain small-scale problems faced by standard
collisionless cold dark matter (CDM), in that it provides a characteristic (Jeans) scale,
prohibiting gravitational collapse below that scale, as follows.
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If CDM is due to weakly interacting massive particles (WIMPs), the predicted mini-
mum clustering scale allows substructure down to the order of earth-mass microhalos with
radius of order the solar system. As a result, CDM predicts not only very high DM densities
in the centers of galaxies, but also a much larger number of satellite galaxies around hosts
like the Milky Way. Both predictions have been continuously challenged by observations of
DM-dominated galaxies, which report deviations up to scales of one kpc (see e.g. [28] for
a review). This discrepancy is one major reason to study alternatives to the CDM/WIMP
paradigm. The Jeans scale of SFDM can be of order kpc, if the mass ms ' 10−22 eV.
Higher masses are possible, if a positive coupling strength is included; fiducial values of
λs ≈ 10−62 eV cm3 correspond to dimensionless couplings of order λ˜s ≈ 10−92. These
values are many orders of magnitudes below typical values for the QCD axion for which
ms ' 10−5 eV and λ˜s ≈ 10−53.
These values we use for the SFDM parameters are purely phenomenological and we do
not address possible fine-tuning issues, which we believe are not any worse than the large
hierarchy problem in the SM.
While the mass term in (2.10) will ensure that SFDM behaves like CDM with p ' 0 in
the late Universe, the presence of the other terms will render SFDM a relativistic species in
the early Universe. When the quartic term dominates (assuming λs > 0), SFDM behaves
radiation-like, i.e., p ' ρ/3. However, it is radiation that will dominate the cosmic energy
budget in that phase. Finally, even earlier in the evolution, the kinetic term in (2.10) will
give rise to a stiff EOS of SFDM, p ' ρ, in which SFDM will dominate over all the other
cosmic components. Note that SFDM transitions dynamically through all its phases, and
that the stiff phase arises in all models, with or without self-interaction [16]. While the
presence of a stiff epoch for real scalar fields requires the choice of an appropriate potential,
it is a generic feature of complex SFDM. It is the angular part due to the phase of the
complex field in the kinetic energy term in (2.10) that dominates for small scale factor,
whereas this term is absent in the real field case.
The requirement of compliance with cosmological observables, which probe the rel-
ativistic degrees of freedom during the cosmic history of our Universe, determines the
allowed parameter space of SFDM models. The observables are notably BBN and the time
of matter-radiation equality. We refer the reader to [16], in which a detailed analysis has
been presented. An additional important observable of future relevance is given by primor-
dial gravity waves from inflation, the impact of which on SFDM will be published elsewhere
[29]. Another issue raised recently, and not discussed up to now in the context of SFDM,
are the isocurvature constraints which could call into question the identification of SFDM
as dark matter. However, a naive reinterpretation of bounds recently derived in [30] for a
very weakly coupled scalar suggests these bounds do not exclude SFDM. Nevertheless this
is a very interesting issue which should be investigated further, but whose results would
not affect our conclusions since it could only exclude part of our parameter space at best,
and not all of it. To our amazement, we found that SFDM models do exist which fulfill all
the constraints and provide a high enough expansion rate during EWBG. A fiducial case
has been presented in [31].
We want to stress, however, that the stiff epoch transitions rapidly into the radiation-
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dominated epoch due to the high power-law decay, no matter whether the underlying
agent is some generic scalar field that simply keeps diluting away faster than radiation,
or whether it is SFDM that dynamically transitions from a stiff phase to a radiation-like
phase. Therefore, the analysis of our paper does not depend on a model specification for
the stiff epoch, and applies to models different from SFDM, as well. However, as a matter
of fact, it is a very attractive feature of SFDM that it could not only explain the dark
matter in the Universe, but potentially also enable EWBG.
Indeed, to lend further motivation to our analysis, we shall mention that many more
models do exist, which could give rise to an early stiff phase. Anisotropic cosmologies have
been known to include a stiff epoch, and implications have been studied in [32]. A stiff
phase may be also due to moduli fields, as discussed in [33], and which occur frequently
in extensions to the SM. On the other hand, a DM model with a stiff phase, which is
completely different from SFDM, has been studied in [34]. There, the authors consider
warm, self-interacting DM (WSIDM) with or without a collisionless CDM component added
to it. The small-scale problems mentioned above are a prime motivation here, too, to study
this DM candidate. The typical mass range of WSIDM particles is 1-10 keV and the DM
self-interaction is mediated by vector mesons. It turns out that the energy density due
to DM self-interactions decays as a−6, hence dominates in the early Universe. As with
SFDM, that contribution has to be constrained by BBN, see [34]. In fact, while all such
models need to be constrained by BBN and possibly primordial gravitational waves, they
may actually help to facilitate EWBG, if the corresponding stiff phase is allowed to last
during the electroweak phase transition. We believe that this feature provides additional
motivation for such models.
3 Electroweak Phase Transition
Below the critical temperature Tc, the minimum that breaks electroweak symmetry becomes
the global minimum of the potential, while the field is still in the symmetric local minimum
because the two minima are separated by a potential barrier generated due to thermal
fluctuations, as described in the previous section. The transition proceeds via thermal
tunnelling, which can be described in terms of the spontaneous nucleation of bubbles of
the broken phase (with non-zero vev) in the symmetric background. After nucleation the
bubbles grow, converting false vacuum into true one, until the whole Universe transitions
into the broken phase.
The crucial value for finding the temperature of the phase transition is the probability
of nucleation of a bubble. This probability per volume V is given by [35, 36]
Γ/V ≈ T 4 exp
(
−S3(T )
T
)
, (3.1)
where
S3 = 4pi
∫
drr2
[
1
2
(
dφ
dr
)2
+ V (φ, T )
]
, (3.2)
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is the action for the solution of the equation of motion that corresponds to the nucleating
bubble. We aim to find the solution with smallest action, i.e., the most symmetric one.
Assuming an O(3) symmetric bubble, the equation of motion for the field takes the form
d2φ
dr2
+
2
r
dφ
dr
+
∂V (φ, T )
∂φ
= 0, (3.3)
with boundary conditions given by
φ(r →∞) = 0 and dφ(r = 0)
dr
= 0. (3.4)
The question at what temperature the phase transition will proceed and the bubbles
will percolate also depends on the expansion rate of the Universe. We will assume that the
phase transition occurs at a temperature Tn, at which at least one bubble appears in every
horizon.
3.1 Radiation Domination
The usual assumption used in the literature is that for T ≈ O(100 GeV) the Universe is
dominated by radiation [37], whose energy density decreases with scale factor a as
ρ˜R =
ρR
a4
. (3.5)
Neglecting all the other cosmic components, we can solve the Friedmann equation
H2 =
(
a˙
a
)2
=
8pi
3M2p
ρR
a4
, (3.6)
and calculate the volume of the Universe as
VH(T ) =
(
a
∫
dt
a
)3
= 8ζ3
M3p
T 6
, (3.7)
where ζ = 14pi
√
45
pig∗ ≈ 2×10−3, assuming the SM number of degrees of freedom g∗ = 106.75,
which is approximately constant in the range of temperatures of interest to us. Using (3.1),
our condition for one bubble to be nucleated within each horizon then translates to∫ ∞
Tn
ΓdT =
∫ ∞
Tn
dT
T
(
2ζMp
T
)4
exp
(
−S3(T )
T
)
= 1. (3.8)
Before pointing out the importance of using the nucleation temperature Tn instead of the
critical temperature Tc, we will discuss how the above result changes due to the modification
of our cosmological model.
3.2 Cosmological Modification
Now, we want to generalize the foregoing calculation by including a modified expansion
epoch before the usual radiation-dominated epoch. We will assume that the energy density
of the new energy constituent redshifts as
ρ˜S =
ρS
an
, (3.9)
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with n > 4. A stiff EOS corresponds to n = 6. As we move towards earlier times, the
contribution of the new component quickly dominates the total energy density. Thus, at
EWBG we can use a simplified Friedmann equation, including only the new dominating
component
H2 =
(
a˙
a
)2
=
8pi
3M2p
ρS
an
. (3.10)
We performed calculations in which we include both, radiation and the new component.
However, the results can only be expressed using special functions, and we found that
the correction coming from neglecting the radiation component is completely negligible.
Thus, for the sake of clarity we will present only the simplified calculation. Assuming that
the new energy component does not interact with SM degrees of freedom (as is the case
for SFDM), we can use the standard relationship between temperature and scale factor,
namely
ρ˜R =
ρR
a4
=
pi2
30
g∗T 4, (3.11)
which allows us to obtain the scale factor as a function of temperature. Analogously to the
previous subsection, we now calculate the horizon volume
VH(T ) =
(
a
∫
dt
a
)3
=
M3p 2
3
8
(5n−4) (pi
3
) 3(n−4)
8 ξ
3n
4 ρR
3n/8
(n− 2)3T 3n2 ρS3/2
. (3.12)
Using (3.1), the condition for one bubble to be nucleated within each horizon translates
now to ∫ ∞
Tn
ΓdT =
∫ ∞
Tn
dT
T
M4p 2
5n−6
2
(
3
pi
) 4−n
2 ξnρR
n
2
(n− 2)3T 2n−4ρS2 exp
(
−S3(T )
T
)
= 1. (3.13)
Next, using the Friedmann equation, we can express the new energy density as a func-
tion of the ratio of the modified Hubble parameter H to the standard radiation-dominated
case HR, as follows
ρS =
((
H
HR
)2
− 1
)
ρR30
4−n
4 pi
n−4
2 Tn−4
(
ρR
g∗
) 4−n
4
, ρR =
pi2
30
g∗T 4. (3.14)
All the above quantities have to be calculated at Tn to match the sphaleron freeze-out
calculation, described in the next subsection.
In order to obtain the nucleation temperature, we first solve (3.3) numerically using an
overshoot/undershoot algorithm. This determines the action S3(T ) via (3.2). Finally, we
integrate (3.13) to find the nucleation temperature Tn for all values of the cutoff scale Λ.
Figure 3 shows the critical temperature Tc and the nucleation temperature Tn, as well as
the ratio of the Higgs vev v(T ) := 〈φ(T )〉 to those temperatures, v(Tc)/Tc and v(Tn)/Tn, as
functions of the cutoff scale Λ, for the radiation-dominated case (H = HR) and n = 6 (as
for SFDM-domination) with H = 103HR and H = 10
6HR, respectively. Also, values of the
ratio of the vev to temperature (v/T )Sph required in each of these cases by the sphaleron
freeze-out (as discussed in Section 4) are marked in the right panel.
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Figure 3. The left panel shows the critical and nucleation temperatures (Tc and Tn) of our model
with n = 6. The thin vertical lines highlight cutoff scales corresponding to experimental sensitivities,
as shown in Figure 2, while the horizontal lines point to the temperatures corresponding to these
values of Λ. The right panel depicts the ratios of vevs to the temperatures (v(Tc)/Tc and v(Tn)/Tn),
as a function of Λ (dashed lines). Also indicated are the sphaleron bounds on v/T for different
expansion rates, as described in Sec.4 (solid lines).
The modification due to the proper calculation of the nucleation temperature can
change the resulting bounds significantly, since the difference between these cases increases
with the importance of the modification, which is largest in the most interesting range of
small cutoff scales. However, the correction in (3.13) due to the modified expansion rate
only appears in the factor in front of the exponential. Therefore, the results are nearly
identical for very different ratios of H/HR and n > 4.
We can see from the left panel that our EWBG era of interest lies between temperatures
of approximately 100−150 GeV. This is the era in which SFDM should be in its stiff phase.
We presented a fiducial SFDM model in [31], where we chose a reheating temperature
of 300 GeV. Reheating is followed by the stiff phase of SFDM, which transitions into its
radiation-like phase, making way to radiation-domination before the time of neutron-proton
freeze-out. The SFDM parameters were ms = 5× 10−21 eV and λs = 7.5× 10−59 eV cm3
(i.e., λs/(msc
2)2 = 3 × 10−18 eV−1 cm3). Using this SFDM model, the expansion rate
during the EWBG era of interest is about 3− 5 orders of magnitudes higher with respect
to the standard case, within the above temperature range. Work is in progress to study
the SFDM parameter space in more detail.
3.3 Experimental Bounds on Modified Cosmologies
In this section, we derive very generic bounds which have to be applied to a wide class of
cosmological models, and are respected by the SFDM fiducial model as well, see [31]. As
elaborated in Sec.1 and Sec.2.3, these bounds come from BBN constraints (see e.g. [38, 39]),
whereby current measurements allow for some additional energy density components [40].
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The simplest way to obtain bounds on this contribution is to translate the bound on the
effective number of neutrinos to the modification of the Hubble rate [41],
H
HR
∣∣∣∣
BBN
=
√
1 +
7
43
∆Nνeff . (3.15)
We will assume ∆Nνeff is the difference between the SM radiation contribution N = 3.046
and the observed valueNνeff = 3.28 from [38, 39] which corresponds toH/HR|BBN = 1.0187.
It is straightforward to calculate HR,BBN using (3.11),
ρR,BBN =
pi2
30
g∗,BBNT 4BBN (3.16)
and using the SM values, TBBN = 1 MeV and g∗,BBN = 43/4.
The next step is to simply compute the energy density of the new component at the
EWBG scale, using the Friedmann equation (3.10). We assume that ρR,BBN is composed
of the SM radiation, while the remaining contribution corresponds to the new component
ρS,BBN,
H
HR
=
1
HR
√
8pi
3M2p
ρS,BBN
(aBBN
a
)n
=
√(
H
HR
∣∣∣∣
BBN
)2
− 1
(
TBBN
Tn
) 4−n
2
(
g∗,BBN
g∗
) 1−2n
4
.
(3.17)
As before, all values without subscript BBN should be calculated at Tn. The resulting max-
imal modification of the expansion rate for different cosmological models in the interesting
temperature range T ∈ [100, 150] GeV is shown in Figure 4. For our n = 6 example (i.e., a
stiff EOS), this corresponds to a maximal H/HR ratio between 6× 105 and 9× 105, which
agrees with the results for the fiducial SFDM model, quoted in the previous subsection.
However, the value of Neff = 3.28 adopted in this section is smaller than the one chosen
for the fiducial model in [31]. For this Neff , the appropriate SFDM model would require a
higher mass, while other parameters can stay the same. For instance, for the same ratio of
λs/(msc
2)2 = 3×10−18 eV−1 cm3 and the same reheating temperature of 300 GeV, SFDM
with a mass of ms = 10
−20 eV would work.
4 Sphaleron Freeze-Out
In this paper, we do not discuss the production of baryons during the phase transition, but
rather the necessary condition for the baryon asymmetry to be not washed out after the
phase transition. While the SU(2) sphalerons can generate baryon asymmetry [4], they
also dilute it after the phase transition is completed, and the system is returning to thermal
equilibrium.
The sphalerons are suppressed in the broken phase due to the W bosons obtaining
mass, and the weak interactions act only on very short distances. Hence, this suppression
is proportional to the gauge boson masses, thus proportional to the Higgs vev right after
the phase transition. If the barrier separating the vacua is too thin and the broken phase
vev is too small, all the generated asymmetry can be washed out, including asymmetry
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Figure 4. Maximal modification of the Hubble parameter calculated at the nucleation temper-
atures Tn = 100 GeV and Tn = 150 GeV, as a function of the parameter n which determines our
cosmological model.
which may have been generated in mechanisms different from EWBG, as long as these
mechanisms also respect the B − L symmetry of the SM [37].
A simple criterion for sphaleron freeze-out (or “wash-out”) is obtained by assuming
that the sphaleron processes decouple when their rate becomes smaller than the expansion
rate of the Universe, i.e., when Γ / H. The sphaleron rate is given by [37]
Γ = 2.8× 105T 4κ g
4pi
( v
T
)7
exp
(
−Esph
T
)
, (4.1)
where the parameter κ is the functional determinant associated with fluctuations about the
sphaleron. That parameter has been estimated to be in the range 10−4 . κ . 10−1. The
sphaleron energy Esph is modified due to the cutoff Λ [12], as well as due to the exponential
dependence on the action. Indeed, this can have a significant impact on the bounds we can
place on Λ. In order to accurately calculate the sphaleron energy we find the sphaleron
solution by starting with the ansatz [42] for the SU(2) gauge field W and the scalar field
φ,
W ai σ
adxi = −2i
g
f(ξ)dU U−1, φ =
v0√
2
h(ξ)U
(
0
1
)
,
where ξ = gv0r, σ
a are the Pauli matrices and U =
1
r
(
z x+ iy
−x+ iy z
)
, while f and h
are unknown functions of the single variable ξ. We will compute only the SU(2) sphaleron,
neglecting small corrections from U(1)Y , as in [42]. With the above assumptions, the action
of the sphaleron reads Esph = (4piv/g)E0 with
E0 =
∫ ∞
0
dξ
(
4f ′2 +
8
ξ2
f2(1− f)2 + 1
2
ξ2h′2+ h2(1− f)2 + λ
4g2
ξ2(h2 − 1)2 + v
2
8g2Λ2
ξ2(h2 − 1)3
)
.
(4.2)
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ξ → 0 ξ →∞
f ≈ ξ2/a20 f ≈ 1− a∞ exp(−ξ/2)
h ≈ ξ/b0 h ≈ 1− (b∞/ξ) exp(−
√
2λ
g2
ξ)
Table 1. Analytic solutions of the asymptotic equations of motion (4.3) describing the sphaleron
solution near the boundaries.
Varying this action, we find the field equations for the functions f and h,
ξ2
d2f
dξ2
= 2f(1− f)(1− 2f)− ξ
2
4
h2(1− f) (4.3)
d
dξ
[
ξ2
dh
dξ
]
= 2h(1− f)2 + λ
g2
ξ2(h2 − 1)h+ 3
4
v20
g2Λ2
ξ2h(h2 − 1)2.
These are subject to the boundary conditions f(0) = h(0) = 0 and f(∞) = h(∞) = 1. In
order to find the exact solutions, we start with the analytical solutions of the asymptotic
equations, valid near the boundaries as shown in Table 1. Using these solutions to find
our initial conditions at a certain very small and very large value of ξ, we numerically
solve the full equations to a certain ξmatch where we compare the two solutions. Our
procedure consists of randomly varying the initial parameters a0, b0, a∞ and b∞ and
updating them if solutions with the new values match more closely. When both functions
and their derivatives at ξmatch match with an accuracy of 10
−6, we consider the equations
solved, and use that solution to calculate the resulting sphaleron energy, Esph = (4piv/g)E0
from (4.2). Now, we can rewrite the freeze-out condition Γ ≤ H as
v
T
≥ g
4piE0
ln
(
2.8× 105T 4κ g4pi
(
v
T
)7
H
)
, (4.4)
where H is the Hubble rate calculated at the nucleation temperature Tn when the phase
transition ends. We will choose κ = 10−1, which gives the most stringent constraints. The
(weak) dependence of E0 on Λ is shown in the left panel of Figure 5. It is also the reason
why the (v/T )Sph-lines shown in Figure 3 are not straight, but show a slight dependence
on Λ. We can see that the sphaleron energy decreases for smaller cutoffs. This means
that the sphaleron processes are more active, hence more suppression is required after the
phase transition. However, the effect is rather weak and changes the results only by a small
amount, compared to the changes coming from the modified expansion history, as can be
seen in the right panel of Figure 5.
We are finally in position to combine the v/T value required to decouple the sphalerons
and preserve the asymmetry (4.4) with the v/T value we obtain as a function of the cutoff
from Figure 3, along with the experimental constraints on the cutoff from Figure 2. Thus,
we can determine the minimal scale of new physics required to preserve the asymmetry as a
function of the modified expansion rate H/HR. We can also translate the maximal possible
modification of the Hubble rate, discussed in Section 3.3, to an explicit bound on Λ for a
wide class of cosmological models. Figure 6 shows the minimal value of Λ as a function
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Figure 5. Left panel: sphaleron energy (divided by the factor of 4piv/g) as a function of the cutoff
scale Λ. Right panel: minimal value of v/T required to avoid wash-out of baryon asymmetry, as a
function of the modified expansion rate H/HR for several values of the cutoff Λ.
of n, along with the experimental constraints, and the specific cosmological example for
n = 6 (i.e., a stiff EOS, as in SFDM).
Our key result is that for n = 6, the minimal Λ required by the sphaleron bound is
already very close to the value required for the first order phase transition (as discussed in
Section 2.1). Thus, the modified cosmological history allows us to circumvent the sphaleron
bound altogether, and the only bound given by current experiments is equivalent to the
requirement of departure from thermal equilibrium.
5 Conclusions
In this paper we studied the implications of a modified cosmological history for the elec-
troweak baryogenesis scenario. We adopted a generic model in which the Higgs potential
is modified by a non-renormalizable dimension six operator, suppressed by an appropriate
new mass scale Λ.
We discussed a very generic model of cosmological modification with a single new
energy density component which does not interact with SM degrees of freedom. As a
possible specific source of such a modification, we focused on complex scalar field dark
matter (SFDM).
We carefully computed the temperature at which the phase transition takes place,
instead of using the approximation coming from the critical temperature, often used in
the literature. This allowed us in addition to include minor corrections to the nucleation
temperature due to a modification of the cosmological history. In all, using the nucleation
temperature in the full calculation, rather than the critical temperature approximation,
can change the final results significantly for the allowed parameter space.
– 16 –
Λ(λ3@1σ)Λ(λ3@2σ)Λ(λ3@3σ)ΛEWBG
4.0 4.5 5.0 5.5 6.0
600
700
800
900
1000
1100
n
Λ[GeV
]
Λ(λ3@1σ)Λ(λ3@2σ)Λ(λ3@3σ)ΛEWBG
1 10 100 1000 104 105 106
600
700
800
900
1000
1100
H/HR
Λ[GeV
]
Figure 6. Left panel: cutoff scale Λ required for successful EWBG (solid blue line) as a function
of n which determines our cosmological model. Here we assumed maximal experimentally allowed
assistance from cosmology. Right panel: cutoff scale Λ required by EWBG as a function of the
expansion rate (solid blue curve) for n = 6. Both panels also show HL-LHC experimental constraints
on Λ from its modification to λ3 (horizontal dashed lines, 1σ (top) to 3σ (bottom)).
Next, we described the modification of Standard Model SU(2) sphalerons. This is
the main source of modification resulting from the increased expansion rate. A higher
expansion rate leads to a more readily achieved freeze-out of the sphalerons, thus preserving
any baryons remaining after the phase transition. This in turn increases the minimal scale
Λ of new physics which is required for successful baryogenesis.
We find that this modification of the required Λ’s, while numerically seemingly small
(about 20% for ρS ∝ a−6), actually means circumventing the sphaleron bound altogether,
because it brings us to the cutoff values required for a first order phase transition to begin
with. Also, our specific example of SFDM, and other models with n = 6, prove very
interesting, since they allow us to get very close to avoiding the sphaleron bound. Exotic
models with even higher expansion rates (i.e., whose energy density would decay even faster
than ∝ a−6) would not increase the allowed parameter space much further. On the particle
experimental side, it means that, with assistance of a fluid with stiff EOS, like SFDM, our
model can remain consistent within 1σ of the SM result, even with the bounds provided
by the high luminosity stage of the LHC.
Acknowledgements
We would like to thank M. Artymowski for very helpful discussions. ML was supported
by the Polish National Science Centre under research grant 2014/13/N/ST2/02712 and
doctoral scholarship number 2015/16/T/ST2/00527. TRD was supported by the U.S.
Department of Energy under grants DE-FG02-95ER40899 and DE-SC0007859. JW is
supported in part by the Department of Energy under grant DE-SC0007859.
– 17 –
References
[1] ATLAS collaboration, G. Aad et al., Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B716 (2012)
1–29, [1207.7214].
[2] CMS collaboration, S. Chatrchyan et al., Observation of a new boson at a mass of 125 GeV
with the CMS experiment at the LHC, Phys. Lett. B716 (2012) 30–61, [1207.7235].
[3] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, On the Anomalous Electroweak
Baryon Number Nonconservation in the Early Universe, Phys. Lett. B155 (1985) 36.
[4] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Progress in electroweak baryogenesis, Ann.
Rev. Nucl. Part. Sci. 43 (1993) 27–70, [hep-ph/9302210].
[5] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann. Rev. Nucl. Part. Sci. 49
(1999) 35–75, [hep-ph/9901362].
[6] D. E. Morrissey and M. J. Ramsey-Musolf, Electroweak baryogenesis, New J. Phys. 14 (2012)
125003, [1206.2942].
[7] A. D. Sakharov, Violation of CP Invariance, c Asymmetry, and Baryon Asymmetry of the
Universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32–35.
[8] P. B. Arnold and O. Espinosa, The Effective potential and first order phase transitions:
Beyond leading-order, Phys. Rev. D47 (1993) 3546, [hep-ph/9212235].
[9] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, A Nonperturbative
analysis of the finite T phase transition in SU(2) x U(1) electroweak theory, Nucl. Phys.
B493 (1997) 413–438, [hep-lat/9612006].
[10] T. Cohen, D. E. Morrissey and A. Pierce, Electroweak Baryogenesis and Higgs Signatures,
Phys. Rev. D86 (2012) 013009, [1203.2924].
[11] A. Katz and M. Perelstein, Higgs Couplings and Electroweak Phase Transition, JHEP 07
(2014) 108, [1401.1827].
[12] C. Grojean, G. Servant and J. D. Wells, First-order electroweak phase transition in the
standard model with a low cutoff, Phys. Rev. D71 (2005) 036001, [hep-ph/0407019].
[13] C. Delaunay, C. Grojean and J. D. Wells, Dynamics of Non-renormalizable Electroweak
Symmetry Breaking, JHEP 04 (2008) 029, [0711.2511].
[14] M. Joyce, Electroweak Baryogenesis and the Expansion Rate of the Universe, Phys. Rev.
D55 (1997) 1875–1878, [hep-ph/9606223].
[15] M. Joyce and T. Prokopec, Turning around the sphaleron bound: Electroweak baryogenesis in
an alternative postinflationary cosmology, Phys. Rev. D57 (1998) 6022–6049,
[hep-ph/9709320].
[16] B. Li, T. Rindler-Daller and P. R. Shapiro, Cosmological Constraints on
Bose-Einstein-Condensed Scalar Field Dark Matter, Phys. Rev. D89 (2014) 083536,
[1310.6061].
[17] M. E. Carrington, The Effective potential at finite temperature in the Standard Model, Phys.
Rev. D45 (1992) 2933–2944.
[18] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio et al.,
Investigating the near-criticality of the Higgs boson, JHEP 12 (2013) 089, [1307.3536].
– 18 –
[19] P. B. Arnold and L. G. Yaffe, The epsilon expansion and the electroweak phase transition,
Phys. Rev. D49 (1994) 3003–3032, [hep-ph/9312221].
[20] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Is there a hot electroweak
phase transition at m(H) larger or equal to m(W)?, Phys. Rev. Lett. 77 (1996) 2887–2890,
[hep-ph/9605288].
[21] ATLAS collaboration, Physics at a High-Luminosity LHC with ATLAS, .
[22] F. Goertz, A. Papaefstathiou, L. L. Yang and J. Zurita, Higgs Boson self-coupling
measurements using ratios of cross sections, JHEP 06 (2013) 016, [1301.3492].
[23] V. Barger, L. L. Everett, C. B. Jackson and G. Shaughnessy, Higgs-Pair Production and
Measurement of the Triscalar Coupling at LHC(8,14), Phys. Lett. B728 (2014) 433–436,
[1311.2931].
[24] A. J. Barr, M. J. Dolan, C. Englert, D. E. Ferreira de Lima and M. Spannowsky, Higgs
Self-Coupling Measurements at a 100 TeV Hadron Collider, JHEP 02 (2015) 016,
[1412.7154].
[25] A. Arbey, J. Lesgourgues and P. Salati, Cosmological constraints on quintessential halos,
Phys. Rev. D65 (2002) 083514, [astro-ph/0112324].
[26] A. Arbey, J. Lesgourgues and P. Salati, Galactic halos of fluid dark matter, Phys. Rev. D68
(2003) 023511, [astro-ph/0301533].
[27] T. Rindler-Daller and P. R. Shapiro, Complex scalar field dark matter on galactic scales,
Mod. Phys. Lett. A29 (2014) 1430002, [1312.1734].
[28] D. H. Weinberg, J. S. Bullock, F. Governato, R. Kuzio de Naray and A. H. G. Peter, Cold
dark matter: controversies on small scales, ArXiv e-prints (June, 2013) , [1306.0913].
[29] B. Li, P. R. Shapiro and T. Rindler-Daller, New cosmological constraints on complex scalar
field dark matter from its impact on the primordial gravitational wave background, in
preparation, 2016.
[30] K. Kainulainen, S. Nurmi, T. Tenkanen, K. Tuominen and V. Vaskonen, Isocurvature
Constraints on Portal Couplings, 1601.07733.
[31] T. Rindler-Daller, B. Li, P. R. Shapiro, M. Lewicki and J. D. Wells, How scalar-field dark
matter may conspire to facilitate baryogenesis at the electroweak scale, in Meeting of the APS
Division of Particles and Fields (DPF 2015) Ann Arbor, Michigan, USA, August 4-8, 2015,
2015. 1510.08369.
[32] M. Kamionkowski and M. S. Turner, Thermal relics: Do we know their abundances?, Phys.
Rev. D42 (Nov., 1990) 3310–3320.
[33] M. Giovannini, Gravitational waves constraints on postinflationary phases stiffer than
radiation, Phys. Rev. D58 (1998) 083504, [hep-ph/9806329].
[34] R. Stiele, T. Boeckel and J. Schaffner-Bielich, Cosmological implications of a Dark Matter
self-interaction energy density, Phys. Rev. D81 (2010) 123513, [1003.2304].
[35] A. D. Linde, Decay of the False Vacuum at Finite Temperature, Nucl. Phys. B216 (1983)
421.
[36] A. D. Linde, Fate of the False Vacuum at Finite Temperature: Theory and Applications,
Phys. Lett. B100 (1981) 37.
– 19 –
[37] M. Quiros, Finite temperature field theory and phase transitions, in High energy physics and
cosmology. Proceedings, Summer School, Trieste, Italy, June 29-July 17, 1998, pp. 187–259,
1999. hep-ph/9901312.
[38] R. Cooke, M. Pettini, R. A. Jorgenson, M. T. Murphy and C. C. Steidel, Precision measures
of the primordial abundance of deuterium, Astrophys. J. 781 (2014) 31, [1308.3240].
[39] Particle Data Group collaboration, K. A. Olive et al., Review of Particle Physics, Chin.
Phys. C38 (2014) 090001.
[40] E. L. Wright, Constraints on Dark Energy from Supernovae, Gamma Ray Bursts, Acoustic
Oscillations, Nucleosynthesis and Large Scale Structure and the Hubble constant, Astrophys.
J. 664 (2007) 633–639, [astro-ph/0701584].
[41] V. Simha and G. Steigman, Constraining The Early-Universe Baryon Density And
Expansion Rate, JCAP 0806 (2008) 016, [0803.3465].
[42] F. R. Klinkhamer and N. S. Manton, A Saddle Point Solution in the Weinberg-Salam
Theory, Phys. Rev. D30 (1984) 2212.
– 20 –
